Our daily experience of time is strongly influenced by internal states, such as arousal, attention, and mood. However, the underlying neuronal mechanism remains largely unknown. To investigate this, we recorded pupil diameter, which is closely linked to internal factors and neuromodulatory signaling, in monkeys performing the oculomotor version of the time production paradigm. In the self-timed saccade task, animals were required to make a memory-guided saccade during a predetermined time interval following a visual cue. We found that pupil diameter was negatively correlated with trial-by-trial latency of self-timed saccades. Because no significant correlation was found for visually guided saccades, correlation of self-timed saccades could not be explained solely by the facilitation of saccade execution. As the reward amount was manipulated, pupil diameter and saccade latency altered in opposite directions and the magnitudes of modulation correlated strongly across sessions, further supporting the close link between pupil diameter and the subjective passage of time. When the animals were trained to produce two different intervals depending on the instruction, the pupil size again correlated with the trial-by-trial variation of saccade latency in each condition; however, pupil diameter differed significantly for saccades with similar latencies generated under different conditions. Our results indicate that internal brain states indexed by pupil diameter, which parallel noradrenergic neuronal activity (Aston-Jones and Cohen, 2005), may bias trial-by-trial variation in the subjective passage of time.
Introduction
Time passes quickly when we enjoy movies but slowly during boring meetings. Daily experience of time is strongly affected by our internal states, such as arousal, attention, and mood (Wittmann, 2009 ). Many studies have provided empirical support for this. For example, the presentation duration of emotive images is often overestimated in comparison with that of neutral images (Gil and Droit-Volet and Droit-Volet, 2012) . Subjects with anxiety tend to report shorter intervals in time reproduction task, whereas those with depression tend to report longer intervals in time production task (Mioni et al., 2016) . Although several models of subjective temporal distortion have been proposed (Lake et al., 2016) , the exact underlying mechanism remains unclear, partly because neural substrates of temporal processing involve multiple brain systems (Mauk and Buonomano, 2004; Ivry and Schlerf, 2008; Merchant et al., 2013) . Therefore, in addition to specific circuits, the roles of global, whole-brain states need to be explored for a comprehensive understanding of temporal processing. In the present study, we examined pupil dynamics in monkeys performing the time production task to probe the brain state and underlying neuromodulatory signals.
Under constant illumination, pupil diameter is sensitive to various cognitive factors, such as attention, working memory, emotion, and perception (Laeng et al., 2012; Graur and Siegle, 2013; Sirois and Brisson, 2014) . For example, Einhäuser et al. (2008) showed that perceptual switch of visual or auditory rivalry was preceded by pupil dilation and that the magnitude of dilation was a significant predictor of the subsequent duration of perceptual stability. Wang et al. (2015) also demonstrated that pupil size correlated with anti-saccade performance in monkeys, suggesting a close link between pupil size and conflict resolution. Simultaneous recordings of neuronal activity and pupil diameter have provided insight into the mechanism underlying these observations. In rodents, pupil size correlates with several aspects of cortical activity, including the variance of membrane potentials, spontaneous firing rates, signal-to-noise ratio of sensory response, and oscillatory states measured by local field potentials (Reimer et al., 2014; McGinley et al., 2015; Vinck et al., 2015) . In monkeys, trial-by-trial correlation between pupil size and neuronal firing rate has been reported in the somatosensory cortex (Iriki et al., 1996) as well as in the anterior cingulate cortex (Ebitz and Platt, 2015) . These previous observations indicate that pupil diameter reflects different aspects of internal state, which can have a substantial impact on various neuronal computations.
Pupil size also correlates with neuronal activity in the locus ceruleus (Aston-Jones and Cohen, 2005; Murphy et al., 2014; Varazzani et al., 2015; Joshi et al., 2016) . Because the locus ceruleus is the major source of noradrenaline (NA) in the brain, pupil diameter has often been viewed as a behavioral index of the activity of the noradrenergic system (Einhäuser et al., 2008; Gilzenrat et al., 2010; Eldar et al., 2013; Kihara et al., 2015; Warren et al., 2016) . In addition to its roles in arousal and mood, NA is also important for more specialized cognitive functions, such as attention (Sara and Bouret, 2012), working memory (Arnsten et al., 1988) , and behavioral flexibility (McGaughy et al., 2008) . In terms of temporal processing, systemic application of a NA reuptake inhibitor or an adrenoceptor agonist altered timing behavior in both humans and rodents (Penney et al., 1996; Rammsayer et al., 2001) . In the present study, as a step toward understanding of how NA-related brain states modulate temporal processing, we measured pupil diameter in monkeys performing the self-timed saccade task, an oculomotor version of the time production task. We found that pupil diameter was negatively correlated with trial-by-trial variation in self-timing, suggesting that a transient elevation in NA activity might increase the subjective passage of time. Some of the present results have been reported as an abstract (Suzuki and Tanaka, 2016) .
Materials and Methods
Animal preparation and surgery. Three adult Japanese monkeys (Macaca fuscata, two males, 6 -8 kg) were used. All experimental protocols were approved in advance by the Hokkaido University Animal Care and Use Committee. The animals were sterilely implanted with head holders and an eye coil in separate surgical procedures under general isoflurane anesthesia. Analgesics (pentazocine and ketoprofen) were administered during each procedure and for a few days after surgery. When fully recovered, the animals were trained on oculomotor tasks. During the training and experimental sessions, animals sat in a primate chair with their heads fixed to the chair in a dark booth. Horizontal and vertical eye position were recorded using the search coil technique Enzanshi Kogyo) .
Visual stimuli and behavioral tasks. Experiments were controlled by a real-time data acquisition system (TEMPO, Reflective Computing). Visual stimuli were presented on a 27 inch LCD monitor (XL2720Z, BenQ, refresh rate: 60 -144 Hz) located 46 cm from the eyes (33 ϫ 20°of visual angle). In the self-timed saccade task (see Fig. 1A ), each trial began with the appearance of a fixation point (FP, blue 0.3°-0.5°square, 8.3 cd/m 2 , Experiments 1 and 2) located 6°-7°to the right or left of the screen center. We also presented a gray background (9.4 cd/m 2 , either full screen or 66 ϫ 20°rectangle) throughout the experiments to avoid excessive pupil dilation. Fixation was detected when eye position remained within 3°of the FP for 500 ms. After an additional 1200 ms fixation period, a visual cue (white 0.3°-0.5°square, 24.0 cd/m 2 ) was presented 12°-14°from the FP for 100 ms. Locations of visual stimuli remained unchanged throughout each experimental session. Monkeys were required to generate a memory-guided saccade to the cue location after the predetermined mandatory delay interval following the cue onset. The FP disappeared only after the saccade so that the animals needed to decide saccade timing internally, without any external cue. The mandatory delay period was 1000 ms for Experiments 1 and 2, but differed depending on the color of the FP in Experiment 3 (see below). Saccades were detected when eye position deviated Ͼ3°-5°from the FP, and trials were aborted if monkeys did not maintain fixation during the fixation period or failed to generate a saccade within 1700 ms following the visual cue. Each correct trial ended with a delivery of juice reward. Intertrial interval ranged from 3600 to 6000 ms.
All three animals were used for Experiment 1, but only two (Monkeys B and F) were used for Experiments 2 and 3. In Experiment 2, reward size was alternated after every 10 trials (ϳ0.12 and 0.24 ml per trial). Because no advanced information about the amount of reward was given in each trial, monkeys would have noticed the block change at the first reward delivery in the new block. Therefore, for the analysis of the time courses of self-timed saccade latency and pupil diameter (see Fig. 3 B, C) , we shifted the trial number so that the first trial in each block was always rewarded.
In Experiment 3, two mandatory delay intervals (short or long) were associated with different FP colors (8.1 cd/m 2 ) and were presented alternately every five consecutive trials. For Monkey B, cyan and pink FPs were associated with short (400 -900 ms) and long (700 -1300 ms) delay intervals, respectively. For Monkey F, pink and green FPs were associated with short (700 -1200 ms) and long (1100 -1800 ms) delay intervals, respectively. To exclude possible confounds caused by color difference itself, we chose the pair of FP colors for each monkey based on the results of the fixation task before the training. In this task, a central FP (white 0.3°-0.4°square, 24.0 cd/m 2 ) changed color briefly (500 ms) during stable fixation. We measured the pupil diameter during the 500 ms period in five sessions for each monkey, and chose the pair from six equiluminant colors that exhibited no significant difference in pupil size (Monkey B, Ϫ0.01 Ϯ 0.06 and 0.02 Ϯ 0.02 in z-scores for colors assigned to short and long intervals, respectively, paired t test, p ϭ 0.39; Monkey F, 0.04 Ϯ 0.04 and 0.02 Ϯ 0.08, p ϭ 0.53).
We also presented the visually guided saccade task as a control. In this task, a purple FP (0.3°-0.5°circle, 8.1 cd/m 2 ) was presented at the center of the screen. After a 1700 ms fixation period, the target appeared 7°to the left or right. Monkeys were required to make a saccade within 400 ms to obtain reward. Trials with predictive saccades (reaction time Ͻ70 ms) were excluded from further analysis.
Data acquisition and analysis. Pupil diameter was measured using an infrared eye tracking system (iRecHS2, Human Informatics Research Institute, AIST). Eye position and pupil data were digitized and sampled at 1 kHz along with the event timestamps, and were saved in files for the subsequent offline analyses that were performed using MATLAB (The MathWorks). Data from the period between 100 ms after fixation start and 50 ms before saccade initiation were examined. Trials with eye blinks or unusual noise were removed. We also excluded trials where pupil size exceeded or fell below the 3.5 SD threshold during the analysis interval (500 ms before cue onset, 0.35% of trials). Our quantitative analyses were based on the mean pupil diameter during the analysis interval and the latency of self-initiated saccade measured from the cue onset. Trials with inaccurate or goal nondirected saccades (Ͼ5°from cue location, 9.9%) were excluded from the analysis. Data from early saccades (Ͻ60% of the mandatory interval) were analyzed separately from the remaining trials (see Fig. 1B ; Results). For analysis within each session, raw pupil data (a.u.) were used. For analysis across sessions, data for individual trials were converted to z-scores for each session. The effects of reward size (Experiment 2) were assessed by computing a modulation index defined as (R1 Ϫ R2)/(R1 ϩ R2) where R1 and R2 indicate the data for different amounts of reward. For statistical comparisons, we used either unpaired or paired t tests. Details are described in the relevant text in Results.
Results
In the self-timed saccade task, the animals obtained reward for a self-initiated memory-guided saccade that was generated 1000 -1700 ms following cue onset (Fig. 1A) . Figure 1B shows the distribution of saccade latency in 25 experimental sessions (10 sessions for Monkeys B and F, five sessions for Monkey D; solid traces, n ϭ 3175, 1831, and 798 for Monkeys B, F, and D, respectively). Most saccades were generated Ͼ1000 ms after the cue onset, and those with shorter latencies constituted Ͻ30% of trials. Saccades with a latency Ͼ1700 ms were vanishingly rare (Ͻ0.1%). For all three animals, early error trials with saccade latencies Ͻ600 ms (Fig. 1B , vertical dashed line) constituted a distinct population. We regarded these saccades as "impulsive" and examined them separately (see below).
During the training sessions, time from fixation to cue onset varied from trial to trial but was constant during the experimental sessions (1700 ms; Fig. 1A ). To ensure that monkeys determined saccade timing based on the elapsed time from the cue appearance rather than fixation start, we also interleaved probe sessions, in which the time between fixation start and cue onset was randomly chosen from a set of 1400, 1700, and 2000 ms (Fig. 1B,  dotted traces) . If the animals measured the elapsed time from the start of fixation, saccade latency measured from the cue appearance would be more variable in the probe sessions. However, for nonimpulsive trials (i.e., latency Ն600 ms), the variance of latency in the probe sessions was less than that in the experimental sessions (1.83 ϫ 10 4 vs 2.69 ϫ 10 4 ms 2 and 1.60 ϫ 10 4 vs 1.84 ϫ 10 4 ms 2 for Monkeys B and F, respectively; F test, p Ͻ 0.01), indicating that the animals determined saccade timing relative to the cue appearance. Figure 2A shows the time courses of pupil diameter in a single experimental session in Monkey F. For this figure, trials were divided equally into three groups according to saccade latency, then the mean (ϮSE) pupil diameter for the early and late saccade groups are plotted as red and blue traces, respectively. Pupil constricted shortly after the start of fixation (1700 ms before cue presentation) and then dilated gradually. The time course of pupil dilation differed between the groups, showing a greater pupil size at the time of cue appearance ( Fig. 2A , vertical solid line) for the early than the late saccade groups, even though self-timed saccades occurred ϳ1000 ms later (Fig.  1B) . To quantify this finding in multiple experiments, we measured pupil size during the 500 ms before cue onset ( Fig. 2A , upper bracket) and calculated z-score for each trial. Figure 2B compares the data between the early and late saccade groups for 25 experimental sessions, showing that pupil size was significantly greater for the early saccade groups than the late saccade groups (one-tailed paired t test, p Ͻ 10 Ϫ4 ). These results were consistent across monkeys.
Experiment 1: relationship between pupil diameter and saccade latency
We next assessed the correlation between pupil size and selftimed saccade latency. Because saccade latency and pupil size were highly variable, trial-by-trial correlation was only slight, averaging Ϫ0.10 Ϯ 0.08 (SD, n ϭ 25), although it was statistically different from zero (one-sample t test, p Ͻ 10 Ϫ5 ). To examine the underlying correlation, Pearson's correlation coefficients were computed after 10 trial moving averages along the order of the pupil size (Fig. 2C, inset, red line) . The distribution of correlation coefficients was also statistically different from zero (mean Ϯ SD ϭ Ϫ0.24 Ϯ 0.22, p Ͻ 10 Ϫ4 ; Fig. 2C ). To further elucidate the relationship between pupil size and self-timed saccade latency, the data were divided into 10 groups according to the pupil size for each experimental session and were averaged across sessions. Figure 2D shows the means (Ϯ95% CI) of latency modulation (i.e., deviation from the mean in each session) plotted as a function of pupil size. Although we found that the pupil size and self-timed saccade latency were significantly correlated (Spearman's rank correlation coefficient r s ϭ Ϫ0.94, p Ͻ 10 Ϫ5 ; Fig. 2D , red data points), the pupil size and visually guided saccade latency were not (r s ϭ Ϫ0.41, p ϭ 0.25; blue points). Thus, greater pupil size before the visual cue accompanied shorter saccade latency in the self-timing task, but these effects were unlikely to be solely attributed to the facilitation of saccade generation.
The results in Figure 2D indicate that the pupil diameter is a good predictor of saccade latency in the self-timed task but not in the visually guided task. However, the significant correlation for self-timed saccades could be due to their greater latency variability than visually guided saccades. To examine this, we selected a subset of self-timed trials with a similar range of latency variability to visually guided trials, and performed the same analysis as in Figure 2D . Because the latency modulation across 10 pupil size groups in the visually guided trials (i.e., variation along the vertical axis in Fig. 2D ) ranged from Ϫ30.9 ms to 38.1 ms, we extracted self-timed trials with latencies within mean Ϯ38 ms for each session. When we performed the same analysis as in Figure 2D on the subsampled data, we failed to find significant correlation between pupil size and self-timed saccade latency (r s ϭ Ϫ0.62, p ϭ 0.06). Therefore, it is possible that visually guided saccades with similar latency variability to self-timed saccades might uncover strong correlation between latency and pupil size as reported previously (Jainta et al., 2011). Early self-timed saccades might also result from increased impulsivity, which could modulate pupil diameter (Serfas et al., 2014) . To examine this, pupil diameter in trials with impulsive saccades (latency Ͻ600 ms; Fig. 1B ) was compared with that in the remaining trials. If the modulation of self-timed saccade latency was attributed to the level of impulsivity, the impulsive saccades with very short latency must accompany large pupil diameter. However, we found no significant difference in pupil diameter between the trials (Ϫ0.05 Ϯ 0.26 vs 0.01 Ϯ 0.03 in z-scores for impulsive and the other trials, respectively, n ϭ 15 sessions with more than five impulsive saccades, paired t test, p ϭ 0.44). Furthermore, when we divided the data of nonimpulsive trials into three groups according to self-timed saccade latency, the pupil diameter for the early, middle, and late saccade groups averaged 0.10 Ϯ 0.07 (SD), Ϫ0.03 Ϯ 0.10 and Ϫ0.05 Ϯ 0.12, respectively, and the pupil diameter for the early saccade group was significantly greater than that for the impulsive saccades (one-tailed paired t test, p Ͻ 0.05). Thus, our results were not merely due to the level of impulsivity.
Experiment 2: effects of reward size
So far, we have examined correlation between the naturally occurring fluctuations of pupil size and saccade latency. We also attempted to modulate pupil diameter systematically by changing the amount of reward and examining its correlation with self-timed saccade latency. In Experiment 2, the amount of reward was alternated every 10 trials (Reward ϫ1 and ϫ2 conditions). Figure 3A shows the time courses of pupil size in a single experimental session in Monkey B, with a clear difference between the conditions. We performed six experimental sessions in each of two monkeys (Monkeys B and F). The modulations of saccade latency and pupil diameter during the transition of reward size are shown in Figure 3B . For this analysis, because the animals were unable to notice the block change unless they obtained reward in a new block, we shifted the trial number so that the first trial in each block was always rewarded (i.e., saccade latency was in the range from 1000 to 1700 ms). The data show that both the pupil size and saccade latency exhibited strong modulation but in opposite directions. Spearman's rank correlation coefficients computed for the time course of pupil size and saccade latency in individual sessions averaged Ϫ0.28 Ϯ 0.23 (SD, n ϭ 12), which differed significantly from zero (onesample t test, p Ͻ 10 Ϫ2 ). When the data for different blocks were analyzed separately, rank correlation coefficients averaged 0.02 Ϯ 0.35 ( p ϭ 0.85) and Ϫ0.33 Ϯ 0.33 ( p Ͻ 10 Ϫ2 ) for Reward ϫ1 and ϫ2 blocks, respectively.
Although pupil diameter and saccade latency significantly correlated during the Reward ϫ2 block, their time courses were somewhat different: saccade latency greatly decreased during the initial few trials and quickly returned toward the mean, whereas pupil diameter stayed high throughout the block. Thus, the reduction of saccade latency during the double reward condition had transient and sustained components, whereas the modulation of pupil diameter had only the latter. These results suggest that there might exist two different reward-related neural mechanisms: one that operates transiently and regulates only saccade latency and the other continuously alters both saccade latency and pupil diameter.
For comparison across sessions, we also computed the modulation indices based on the first to ninth trials in each block for both the pupil size and saccade latency (see Materials and Methods) . Figure 3C shows that the modulation indices for pupil size and saccade latency were negatively correlated (r s ϭ Ϫ0.85, n ϭ 12, p Ͻ 10 Ϫ3 ), indicating that greater modulations in pupil size were associated with greater modulations of saccade latency.
Experiment 3: relative versus absolute timing
Finally, we asked whether pupil size was correlated with either the fluctuation of individual saccade timing relative to the behavioral goal, or the absolute saccade latency measured from the cue appearance regardless of behavioral condition. To discriminate these possibilities, monkeys were trained to report two different time intervals (short or long) indicated by the color of the FP (see Materials and Methods). Then, we compared the pupil diameter in trials with similar latency but under different instructions (i.e., those with similar absolute, but different relative latencies). Figure 4A shows the data from a single experimental session in Monkey F. This animal was trained to wait 700 ms for a pink FP and 1100 ms for a cyan FP. When we looked at the scatter plot and regression lines in Figure 4A , we again found a negative correlation between the pupil size and saccade latency for each mandatory delay interval (regression slopes: Ϫ0.0048 and Ϫ0.0027 for the short and long intervals, respectively, p Ͻ 10 Ϫ3 ). However, when we compared the data between the two conditions, pupil diameter was generally greater for the long delay interval, even for trials with similar latencies. To quantify this, the data for each condition were divided into three groups according to saccade latency (Fig. 4A , black circles). Although saccade latency for the latest group in the short condition (S3) was shorter than that for the earliest group in the long condition (L1), the pupil size for S3 was significantly smaller than that for L1 (one-tailed unpaired t test, p Ͻ 10 Ϫ15 ). We conducted this analysis for each of 10 sessions (four and six sessions in Monkeys B and F, respectively; Fig. 4B ), and found that pupil size for S3 was significantly smaller than that for L1 in 7 sessions ( p Ͻ 10 Ϫ3 ). In the population, Figure 4C summarizes the means (Ϯ95% CI) across sessions and shows that the pupil size was statistically larger for L1 than S3 (one-tailed paired t test, n ϭ 10, p Ͻ 10 Ϫ2 ), whereas saccade latency was longer for L1 than S3 ( p Ͻ 0.01). Thus, the pupil size was negatively correlated with the trial-by-trial fluctuation of saccade latency in a given condition but did not reflect absolute saccade timing under different behavioral goals.
Discussion
In this study, we found that pupil size was negatively correlated with saccade latency in the oculomotor version of the time production task (Experiment 1). Although a previous study showed that pupil dilation was linked to the facilitation of saccades (Jainta et al., 2011) , the promotion of motor execution might not account for our results because we failed to find a significant correlation for visually guided saccades under our experimental condition (Fig. 2D) . We also found that reward amounts altered the pupil size and selftimed saccade latency in opposite directions (Experiment 2) and showed a strong correlation between the magnitudes of modulation (Fig. 3C) , further supporting the close link between pupil diameter and self-timing. Furthermore, in the animals trained to produce two different intervals depending on the instruction, pupil size correlated negatively with trial-by-trial variation of saccade latency in each condition; however, the pupil diameter differed between conditions even for similar saccade latencies (Experiment 3; Fig. 4) . Thus, the brain states indexed by pupil size seemed to bias the trial-by-trial latency of self-timing in a given condition.
Relationship between pupil-linked brain states and temporal processing We used pupillary measurement to probe the internal brain state and the underlying neuromodulatory signaling. We will refer to the internal states as "pupil-linked brain states," corresponding to the term "pupil-linked brain systems" used in a previous study (Kloosterman et al., 2015) . In our self-timing task, earlier saccades might occur merely as a result of an inability to withhold saccades resulting from increased impulsivity (Wittmann and Paulus, 2008; Rajala et al., 2015) . However, shorter-latency (Ͻ600 ms; Fig. 1B ), erroneous impulsive saccades toward the cue did not accompany larger pupil diameter, suggesting that the correlation between pupil size and self-timed saccade latency may not be solely due to the level of impulsivity. Instead, the present results indicate that pupil-linked brain states might influence neuronal activity related to the monitoring of elapsed time.
Previous studies have reported a gradual ramping-up of neuronal activity in the cerebral cortex (Maimon and Assad, 2006; Mita et al., 2009; Merchant et al., 2011; Murakami et al., 2014; Parker et al., 2014; Xu et al., 2014; Jazayeri and Shadlen, 2015) , thalamus (Tanaka, 2007) , basal ganglia (Lee and Assad, 2003; Turner and Anderson, 2005) , and cerebellum (Ashmore and Sommer, 2013) in animals performing a time production task. Because perturbation of these activities alters self-timing Kunimatsu and Tanaka, 2012; Xu et al., 2014) , the time course of the ramping activity might determine movement timing. Such activity appears to be consistent with the accumulation-to-threshold model of decision making in which a higher accumulation rate results in earlier reports of passage of time, or shorter latencies of self-timed movements in time production tasks (Maimon and Assad, 2006) . Because pupil diameter is known to correlate with visual response gain (Reimer et al., 2014; Vinck et al., 2015) , the brain states with larger pupil diameter would be associated with higher gain, and thus faster accumulation rate, of neurons with ramping-up activity, leading to speed up of subjective passage of time, thereby resulting in shorter self-timed saccade latencies.
On the other hand, another prevailing model of interval timing assumes different neural populations for specific intervals (Heron et al., 2012; Hayashi et al., 2015) . Although we do not know exactly how gain enhancement of duration-specific elements can bias temporal production, integration of multiple elements into a single ramping-up of activity (Murakami et al., 2014) might be a possible way to explain our results.
Effects of noradrenaline on subjective passage of time Given the strong correlation with pupil diameter (Aston-Jones and Cohen, 2005; Murphy et al., 2014; Varazzani et al., 2015; Joshi et al., 2016) , the modulation of NA signaling might underlie the alteration of temporal processing. Indeed, Rammsayer et al. (2001) demonstrated that systemic administration of an NA reuptake inhibitor improves performance in a duration discrimination task. NA modulates neuronal excitability and the gain of response to synaptic input in different cortical and subcortical areas (Waterhouse et al., 1980; McCormick, 1989; Carr et al., 2007; Samuels and Szabadi, 2008; Zhang et al., 2013; Ohta et al., 2016) . Furthermore, electrical stimulation of locus ceruleus elevates cortical excitability (Marzo et al., 2014) . In addition to arousal and attentional control, NA and related substances greatly alter neuronal information coding and affect performance in a variety of cognitive tasks (Arnsten et al., 1988; Matsumura et al., 1990; Sawaguchi et al., 1990) . In particular, Wang et al. (2011) showed that iontophoretic application of an ␣2 adrenoceptor agonist dramatically enhanced sustained neuronal firing in the prefrontal cortex during a working memory task. Thus, the available data support the hypothesis that NA modulates temporal processing in such a way that higher NA signaling promotes the subjective passage of time. Because NA is a key modulator of attention and affective states (Berridge and Waterhouse, 2003) , NA might mediate the influence of these states on our daily experience of time. Future studies, using more direct approaches such as pharmacological or optogenetic manipulation of neuronal activity, will elucidate the detailed mechanism.
